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The authors measured soft x-ray-excited angle-resolved photoemission from Si 2p, N 1s, and O 1s
core levels, and valence band for nitride films formed on Si100, Si111, and Si110 using
nitrogen-hydrogen radicals with the same probing depth. The Si3N4/Si interfaces formed exhibited
an almost abrupt compositional transition. Furthermore, the crystal orientation of Si substrate
affects the total areal density of subnitrides but not the valence band offset at the Si3N4/Si
interface. © 2007 American Institute of Physics. DOI: 10.1063/1.2715037
High- gate dielectrics with a low leakage current are
highly anticipated for advanced ultralarge scale integrations
ULSIs.1 Si3N4 film formed using nitrogen-hydrogen NH
radicals is attractive as a high- gate dielectric owing to its
high relative dielectric constant 7.5 and low interface state
density.2,3 Hayafuji and Kajiwara found that during the ther-
mal nitridation of Si100 in NH3 nitride-film growth is in-
dependent of NH3 pressure.
4 Maillot et al.5 proposed pos-
sible atomic transport mechanisms during the thermal
nitridation of Si in NH3 using
15N. From the photoemission
arising from Si 2p and N 1s core levels in thin nitride films
grown in situ by the high-temperature reaction of Si100
with NH3, Peden et al. found that a Si monolayer exists as
the outermost surface layer on top of a Si3N4 film.
6
Because the Si3N4 film required for advanced ULSIs
must be ultrathin, the characterization and control of the
Si3N4/Si interface structure on an atomic scale are essential.
Because the thickness of the nitride films is more than 1 nm,
an electron escape depth of nearly 2 nm and highly brilliant
synchrotron radiation are necessary in detecting the photo-
emission from the Si3N4/Si interface through the Si3N4 film,
and a high energy resolution of 100 meV is necessary to
resolve the intermediate nitridation states of Si abbreviated
hereafter as subnitrides localized at the Si3N4/Si interface.
Furthermore, to detect subnitride and valence band offset
with the same probing depth in addition to simply determine
the compositional depth profile, the kinetic energies, which
govern the electron escape depths,7 of photoelectrons emitted
from Si 2p, N 1s, and O 1s core levels, and the valence band
were adjusted to be equal by choosing appropriate photon
energies for each core level and valence band. Such measure-
ments could be performed at Super Photon Ring 8 GeV
SPring-8.
The wafers used in this study are n-type Si100,
Si111, and Si110 substrates. The atomically smooth sub-
strates were prepared by the following processes. The wet
oxidation of these substrates was performed at 1100 °C to
form 1-m-thick oxide films. After etching the oxide films in
HCl/HF mixture solution,8 the substrates were cleaned in
five steps at room temperature.9 After cleaning, the surface
microroughness Ra of these cleaned substrates measured by
atomic force microscopy was 0.08 nm. Then, the nitridation
of these substrates using NH radicals produced in a
microwave-excited high-density Xe/NH3 mixture plasma
10
was performed at a pressure of 20 Pa and substrate tempera-
ture of 600 °C, and the nitride films thus formed were kept
in dry N2 until their photoelectron spectra were measured.
The microwave frequency and power were 2.45 GHz and
5 W/cm2, respectively.
Figures 1a and 1b show the N 1s and O 1s spectra
arising from the nitride film formed on the Si100 surface
measured at a photoelectron take-off angle TOA of 52° and
photon energies PEs of 1349 and 1481 eV, respectively.
The value of 397.3 eV observed for the binding energy BE
of the N 1s spectrum peak indicates that most of the N atoms
contribute to form Si3N4.
6 The value of 532.2 eV observed
for the BE of the O 1s spectrum peak indicates that all O
atoms contribute to form Si–O–Si bonds.11 Si–O–Si bonds
were formed by the oxidation of pure Si layer, which exists
on the surface of a Si3N4 film after the nitridation of Si,
6 in
air just after the nitride film was removed from the nitrida-
tion chamber. Figure 1c shows the intensity ratio
IO 1s / IN 1s as a function of TOA. Here, IO 1s and
IN 1s denote O 1s and N 1s spectral intensities, respec-
tively. The experimental data in Fig. 1c can be explained by
the solid line calculated for the SiO2/Si3N4/Si100 struc-
ture. Here, the values of 0.52 and 1.05 nm were used for the
thickness of the SiO2 layer and that of the Si3N4 layer, re-
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spectively. The other parameters used in the calculation of
the solid line are discussed later. Furthermore, the N 1s spec-
trum can be decomposed into a large peak with a low BE of
397.3 eV and a small peak with a high BE of 398.3 eV. The
intensities of the large and small peaks are denoted by
IN 1s , LBE and IN 1s , HBE, respectively. According to
a theoretical study of the BE of the N 1s core level,12 a small
peak can be correlated with a N atom that has three Si atoms
as its first nearest neighbors and three N atoms and six O
atoms as its second nearest neighbors, and hereafter referred
to as an interface N atom because of the following reason.
The dependence of IN 1s , HBE / IN 1s , LBE on TOA in
Fig. 1c can be explained by the broken line calculated for
the N atoms having an areal density of 4.41018 m−2 local-
ized at the SiO2/Si3N4 interface.
Figure 2a shows the Si 2p3/2 spectrum arising from the
nitride film formed on Si100 measured at a TOA of 52° and
a PE of 1050 eV. Here, in the decomposition of the Si 2p
spectrum, it was assumed that the spin-orbit splitting of the
Si 2p spectrum is 0.608 eV and the Si 2p1/2 to Si 2p3/2 in-
tensity ratio is 0.5.13 Other analytical details were described
elsewhere.14 Figure 2a is magnified sevenfold to result in
Fig. 2b. In addition to the spectra expressed with Gaussian
functions arising from the SiO2, Si3N4, and Si substrates in
Fig. 2a, the spectra arising from four types of subnitrides,
Si1+N, Si2+N, Si3+N, and Si–Si2NH were detected, as
shown in Fig. 2b. Here, Si1+N denotes a Si atom bonded
with one N atom and three Si atoms, Si2+N denotes a Si
atom bonded with two N atoms and two Si atoms, Si3+N
denotes a Si atom bonded with three N atoms and one Si
atom, and Si–Si2NH, which was theoretically shown to exist
at the Si3N4/Si interface,
15 denotes a Si atom bonded with
two Si atoms, one N atom, and one H atom. The chemical
shifts CSs of Si1+N and Si2+N agree with the reported
values.6 The relatively small value of 2.25–2.28 eV ob-
served for the CS of the Si 2p core level in Si3N4 must be
attributed to the decrease in its CS, in accordance with the
decrease in the thickness of the Si3N4 layer as in the case of
SiO2.
16
Figure 3 shows intensity ratios II / IN and IO / IN
as a function of TOA measured at a PE of 1050 eV for the
nitride films formed on Si100, Si111, and Si110. Here,
II, IN, and IO denote the intensities of the Si 2p3/2
spectrum arising from all subnitrides, that arising from
Si3N4, and that arising from SiO2, respectively. The experi-
mental data in Fig. 3 can be explained by the solid and bro-
ken lines calculated for the SiO2/Si3N4/subnitride/Si struc-
ture using the following parameters. Here, the experimental
data in Fig. 1c and those in Fig. 3 are not affected by the
photoelectron diffraction17 because SiO2 and Si3N4 are in
amorphous states and the subnitrides formed using NH radi-
cals are randomly oriented in contrast to thermally grown
silicon suboxides.18 The values of 6.081018, 5.801018,
and 5.591018 m−2 were used for the total areal density of
subnitrides formed on Si100, Si111, and Si110, respec-
tively. The values of 2.86 and 2.41 nm were used for the
electron escape depth in the SiO2 layer and that in Si3N4
layer, respectively. The values of 0.50 and 1.09 nm for
Si111, and the values of 0.52 and 1.11 nm for Si110 were
used for the thickness of the SiO2 layer and that of the Si3N4
layer, respectively. The values of 2.281028 m−3 and 3.19
103 kg m−3 were used for the atomic concentration19 of Si
in SiO2 and the density
5 of Si3N4, respectively. The photo-
ionization cross section of Si 2p core levels in the Si3N4
layer and that in the Si substrate are assumed to be the same.
Because the total areal density of subnitrides formed on
Si100, Si111, and Si110 is smaller than the areal density
of Si atoms on Si100 6.81018/m2, Si111 7.85
1018/m2, and Si110 9.61018/m2, respectively, the
FIG. 1. a N 1s spectrum and b O 1s spectrum measured at a TOA of 52°
and Pes of 1349 and 1481 eV for nitride film formed on Si100, respec-
tively. c Intensity ratios IO 1s / IN 1s and IN 1s , HBE /
IN 1s , LBE as function of TOA. Here, IO 1s and IN 1s denote the
intensities of the N 1s and O 1s spectra, respectively, and IN 1s , HBE and
IN 1s , LBE denote the intensities of the high BE part and low BE part of
the N 1s spectrum, respectively.
FIG. 2. a Si 2p3/2 spectrum measured at a TOA of 52° and a PE of
1050 eV for the nitride film formed on Si100. b Part 2a is magnified
sevenfold to indicate the resolved subnitride spectra.
FIG. 3. a Spectral intensity ratios II / IN and IO / IN as a function of
TOA measured at a PE of 1050 eV for the nitride film formed on Si100,
b those on Si111, and c those on Si110.
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compositional transition must be almost abrupt at the three
Si3N4/Si interfaces. Furthermore, the full widths at half
maximum FWHMs of Si 2p spectra arising from Si sub-
strate observed for Si100, Si111, and Si110 are 0.409,
0.395, and 0.392 eV, respectively. Therefore, the total areal
density of subnitrides and the FWHM of Si 2p spectrum
arising from Si substrate decrease with the approaching of
the areal density of Si on the Si substrate surface to that in
Si3N4 layer 1.171019/m2.
Figure 4 shows the valence band VB spectra arising
from the nitride films formed on Si100, Si111, and
Si110 measured at TOAs of 15° and 80° and a PE of
951 eV. The VB spectra arising from the Si3N4 films shown
in Fig. 4 were obtained by subtracting the VB spectra mea-
sured at a TOA of 80° from the VB spectra measured at a
TOA of 15°, to eliminate the VB spectra arising from the Si
substrate after multiplying the VB spectra arising from Si
substrate measured at a TOA 15° by factors indicated in the
figure. Consequently, the discontinuities of the valence band
maximum VBM of the Si substrate with respect to the
VBM of the Si3N4 film, in other words, the valence band
offsets EV at the Si3N4/Si100, Si3N4/Si111, and
Si3N4/Si110 interfaces, were determined to be 1.63±0.05,
1.63±0.05, and 1.62±0.06 eV, respectively. Therefore, EV,
which is affected by the interface dipole at the interface,20 is
independent of the crystal orientation of Si substrate. This
implies that the interface dipole formed using NH radicals is
randomly oriented to result in the same sum of the interface
dipole moment for three crystal orientations of Si substrate
although the total areal density of subnitrides is dependent on
the crystal orientation of Si substrate. Here, the VB spectra
arising from the nitride films, which were measured at a
TOA of 80°, magnified 20-fold and those arising from Si3N4
magnified tenfold, were also shown to clearly indicate the
VBMs of these spectra.
In conclusion, we measured the angle-resolved photo-
emission from the Si 2p, N 1s, and O 1s core levels, and the
valence band for the nitride films formed on Si100, Si111,
and Si110 using NH radicals with the same probing depth.
It was found that almost abrupt compositional transitions oc-
cur at the three Si3N4/Si interfaces. Furthermore, it was
found that the crystal orientation of Si substrate affects the
total areal density of subnitrides but not the valence band
offset at the Si3N4/Si interface.
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